The rhythm generating network for breathing must continuously adjust to 24 changing metabolic and behavioral demands. Here, we examine network-based 25 mechanisms in the mouse preBӧtzinger complex using substance P, a potent excitatory 26 modulator of breathing frequency and stability, as a tool to dissect network properties 27 that underlie dynamic breathing. We find that substance P does not alter the balance of 28 excitation and inhibition during breaths or the duration of the resulting refractory period. 29
Abstract: 23
The rhythm generating network for breathing must continuously adjust to 24 changing metabolic and behavioral demands. Here, we examine network-based 25 mechanisms in the mouse preBӧtzinger complex using substance P, a potent excitatory 26 modulator of breathing frequency and stability, as a tool to dissect network properties 27 that underlie dynamic breathing. We find that substance P does not alter the balance of 28 excitation and inhibition during breaths or the duration of the resulting refractory period. 29
Instead, mechanisms of recurrent excitation between breaths are enhanced such that 30
the rate that excitation percolates through the network is increased. Based on our 31 results, we propose a conceptual framework in which three distinct phases, the 32 inspiratory phase, refractory phase, and percolation phase, can be differentially 33 modulated to influence breathing dynamics and stability. Unravelling mechanisms that 34 support this dynamic control may improve our understanding of nervous system 35 disorders that destabilize breathing, many of which are associated with changes in 36 brainstem neuromodulatory systems. However, controlling the inspiratory burst itself is not the only mechanism that 97 regulates the inspiratory rhythm. During the time between bursts, referred to as the 98 inter-burst interval (IBI), recurrent excitatory synaptic connections within the preBӧtC 99 are thought to give rise to a gradual increase in network excitability that drives the onset 100 of the next burst . In this model, spontaneous spiking activity in a 101 small subset of excitatory preBӧtC neurons begins to percolate stochastically through 102 the network, gradually recruiting more spiking activity among interconnected excitatory 103 neurons (Kam et al., 2013b) . During this percolation phase, activation of membrane 104 voltage-and calcium-dependent conductances in an increasing number of neurons 105 causes the excitation to become exponential, culminating in an inspiratory burst (Del 106 Negro et al., 2010, Ramirez et al., 2016) . The gradual increase in spiking activity during 107 this phase, or "pre-inspiratory ramp", is thought to be primarily mediated by a subset of 108 glutamatergic preBӧtC interneurons that have enhanced excitability. Derived from V0-109 lineage precursors, these neurons express the transcription factor developing brain Here, we examine network-and cellular-level changes in the inspiratory rhythm 115 generator that underlie dynamic frequency responses to the excitatory neuromodulator 116 substance P (SP). A member of the tachykinin neuropeptide family, SP is a key 117 mediator of many physiological and neurobiological processes (e.g. Mantyh, 2002) . For 118 breathing, SP regulates the stability of the respiratory rhythm (Ben-Mabrouk and Tryba, 119 2010, Yeh et al., 2017) as well as respiratory responses to hypoxia (Chen et al., 1990 , 120 Ptak et al., 2002 . The endogenous receptor for SP, neurokinin 1 receptor (NK1R), is 121 expressed on only ~5-7% of CNS neurons (Mantyh, 2002) , but is enriched in the 122 preBӧtC (Gray et al., 1999 , Schwarzacher et al., 2011 . SP binding to NK1R causes 123 excitation of preBӧtC neurons through coupling with voltage-independent cation 124 channels Del Negro, 2007, Ptak et al., 2009) representative experiment is shown in Fig. 1A and B , and the average data are shown 165 in Fig. 1C . Evoked bursts were rare if a light pulse occurred immediately following a 166 spontaneous population burst. However, the probability of a light-evoked burst 167 increased with elapsed time until ~2 sec following a spontaneous burst when bursts 168 could be evoked with nearly every light pulse ( Fig. 1A,B ). The end of this ~2 sec 169 refractory period coincided with a large increase in the number of spontaneous IBIs 170 ( Fig.1B,C) , indicating that this period of reduced preBӧtC excitability precludes both 171 light-evoked and spontaneous preBӧtC burst generation, thereby preventing very short 172
IBIs and fast inspiratory rhythms (Baertsch et al., 2018) . However, despite a frequency 173 increase of 31.9±5.6%, the refractory period was not altered by SP (non-linear 174 regression analysis; p>0.05). In SP, IBIs remained limited by the refractory period, but 175 spontaneous bursts occurred more quickly and more consistently following the end of 176 the refractory period. As a result, the average IBI became shorter (4.5±0.4sec to 177 3.5±0.5sec; paired t-test; p<0.0002) and less variable (SD of 1.3±0.1 to 0.84±0.1; 178 p<0.0139) in SP (Fig. 1C ). Together these data suggest that SP increases the 179 frequency and regularity of the inspiratory rhythm through differential modulation of two 180 inspiratory phases: The refractory phase remains unchanged, while the duration of the 181 recurrent excitation or percolation phase, which promotes the onset of the subsequent 182 burst, is reduced. 183
Inspiratory spiking patterns of excitatory and inhibitory neurons in the preBӧtC. 184
Next, we explored the containing AlexaFluor568 to mark their anatomical locations ( Fig. 2A ). There was 206 considerable variability among inspiratory neurons (maximal spiking activity during 207 inspiration), with respect to spike frequency, burst duration, and burst shape; and for 208 any given neuron there was considerable burst-to-burst stochasticity 209 Ramirez, 2013, Carroll et al., 2013) . However, excitatory neurons could be clearly 210 grouped based on the presence or absence of spiking during the IBI that typically 211 increases in frequency, or "ramps", before the subsequent inspiratory burstoften 212 referred to as "pre-inspiratory (pre-I)" activity. In contrast, we did not identify any 213 inspiratory inhibitory neurons in the preBӧtC with pre-I spiking ( Fig. 2B ). Excitatory 214 neurons with pre-I spiking (n=9) had inspiratory spike frequencies ranging from 12.0 to 215 50.8Hz (mean: 28.0±4.4Hz) and burst durations ranging from 272 to 763ms (mean: 216 467±48ms). Similarly, excitatory neurons without pre-I spiking (n=13) had inspiratory 217 spike frequencies ranging from 11.3 to 58.2Hz (mean: 34.9±4.3Hz) and burst durations 218 ranging from 242 to 698ms (mean: 419±34ms). Inhibitory neurons (n=7) also had 219 considerable variability in spike frequency (16.4 to 82.9Hz; mean: 48.6±8.6Hz) and 220 burst duration (144 to 517ms; mean: 316±54ms) ( Fig. 2C,D) . 221
Inspiratory neuron types also differed in burst shape ( Fig. 2C ,D) and burst onset 222 variability ( Fig. 2E ,F). Inhibitory neurons had a much more pronounced decrementing 223 spiking pattern than excitatory neurons with maximal spike frequencies occurring at 224 24±7% of the inspiratory burst duration. Excitatory neurons with pre-I spiking exhibited a 225 rounded burst pattern with maximal spike frequencies occurring at 49±5% of the 226 inspiratory burst duration, whereas excitatory neurons without pre-I spiking were slightly 227 more decrementing with maximal spike frequencies occurring at 34±6% of the 228 inspiratory burst duration. We also quantified the time between the beginning of each increased the average spiking frequency of pre-I neurons from 5.1±1.0Hz to 9.9±1.8Hz 267 (p<0.01), and in all cases increased the slope of the pre-inspiratory ramp (average of 268 1.7±0.8 to 3.7±1.9Hz/sec), although this did not reach statistical significance (p=0.113) 269 due to the large variability among neurons ( Fig. 3D ,E). Changes in IBI spike frequency 270 and slope induced by SP were coincident with a significant decrease in the duration of 271 the IBI (Fig. 3E ). Thus, these phase-dependent changes in spiking activity at the level of 272 individual pre-I excitatory neurons likely contribute to the differential effects of SP on the 273 refractory and percolation phases observed at the network level. 274
Since SP also reduced the variability of the IBI at the network level (see Fig. 1B ), 275 we examined the relationship between the duration of individual IBIs and the slope of 276 pre-inspiratory spiking activity. An example recoding of an excitatory pre-inspiratory 277 neuron during a long IBI (black) and a short IBI (grey), and the quantified spike 278 frequency over the duration of each IBI, is shown in Fig. 3F . Group data for n=9 neurons 279 is shown in Fig. 3G . 20 consecutive inspiratory cycles were analyzed for each neuron 280 and the duration of each IBI was compared to the pre-inspiratory slope during that 281 cycle. To highlight effects related to cycle-to-cycle variability, values were normalized to 282 the average baseline IBI duration and pre-inspiratory slope for each neuron, 283
respectively. We found that, under control conditions and in SP, there was a significant 284 inverse relationship between the duration of a given IBI and the slope of the 285 corresponding pre-inspiratory ramp, such that pre-inspiratory spiking activity at the level 286 of individual neurons can predict the duration between inspiratory bursts at the network 287 level. 288
SP recruits a subpopulation of excitatory preBӧtC neurons to exhibit pre-289 inspiratory spiking. 290
Unlike pre-I neurons, excitatory neurons that are silent during the IBI are unable 291 to participate in the feed-forward process of recurrent excitation because they lack pre-292 inspiratory spiking activity. However, these neurons are expected to contribute to 293 network synchronization during inspiratory bursts, and as a result they have the 294 potential to modulate the refractory period. In response to SP, excitatory neurons that 295 did not spike during the IBI under baseline conditions exhibited two distinct phenotypes. 296 Some (8/13) remained silent during the IBI (teal), whereas others (5/13) developed pre-297 inspiratory spiking (green) (Fig. 4A Hz/sec), which was coincident 319 Figure 4 : SP recruits a subpopulation of excitatory preBӧtC neurons to participate in the percolation phase. A) Example intracellular recordings from two excitatory neurons, one that develops pre-I activity in SP (green) and one that does not (teal). Corresponding integrated preBӧtC population activity is shown below each trace (grey). B) Quantified spike frequency as a function of time (normalized to baseline inspiratory burst duration) in n=5 excitatory neurons that were recruited to pre-I (top) and n=8 excitatory neurons that were not recruited to pre-I (bottom). C) Mean spike frequency and burst duration in both neuron groups (paired, two-tailed t-tests). D) Quantified spike frequency vs. time (normalized to baseline IBI duration) during the inter-burst interval showing the recruitment of pre-inspiratory ramp activity by SP. E) Mean spike frequency, pre-inspiratory ramp slope, and IBI duration in both neuron groups (paired, two tailed t-tests). F) Inverse relationship between the slope of pre-inspiratory spiking and the length of the IBI in SP from n=5 excitatory neurons that were recruited to pre-I (20 consecutive IBIs/neuron) (linear regression analysis). with a shorter IBI duration (p<0.05) ( Fig. 4D ,E). During individual inspiratory cycles, the 320 slope of the SP-induced pre-inspiratory ramp had a significant inverse relationship with 321 the duration of the IBI (Fig. 4F ). During inspiratory bursts, spiking patterns did not 322 change in spike frequency (28.9±7.8 to 31.9±6.6Hz, p>0.05), burst duration (399±28 to 323 441±36ms, p>0.05), or burst shape (Fig. 4B,C) . Thus, a subpopulation of non pre-I 324 excitatory neurons develops pre-I activity in SP without a change in spiking activity 325 during bursts, suggesting that the number of neurons that can participate in the 326 percolation phase increases in the presence of SP, without significant effects on the 327 amount of excitation during bursts and the resulting refractory period. 328
SP does not change spiking activity of inhibitory inspiratory neurons in the 329

preBӧtC. 330
In contrast to excitatory 331 neurons, the activity of 332 inhibitory neurons during 333 inspiratory bursts reduces 334 network synchronization and 335 the refractory period (Baertsch 336 et al., 2018) . Since the RP of 337 the preBӧtC network was not 338 changed by SP (see Fig. 1 ), 339
we hypothesized that 340 inhibition during bursts would also be unchanged by SP. To test this, we recorded 341 spiking activity from n=7 inhibitory preBӧtC neurons under baseline conditions and 342 following application of SP. A representative recoding is shown in Fig. 5A . In the 343 presence of SP, spike frequency and burst duration of inspiratory inhibitory neurons did 344 not change during bursts (48.6±8.6 to 43.5±6.7Hz, p>0.05; and 316±54 to 328±56ms, 345 p>0.05, respectively), despite a coincident shortening of the IBI (p<0.05) (Fig. 5B,C) . 346
Spiking activity of inhibitory neurons also did not change during the IBI, since all of the 347 recorded neurons remained silent between inspiratory bursts. Thus, in response to SP, 348 inhibitory neurons in the preBӧtC had no change in spiking throughout the inspiratory 349 cycle and are therefore unlikely to play a role in SP-induced facilitation of inspiratory 350 frequency. 351
SP increases stochasticity among excitatory preBӧtC neurons during inspiratory 352 bursts 353
Next, we sought to unravel potential mechanisms that may prevent SP from 354 causing hyper-synchronization of the preBӧtC network and increased refractory times. 355
Since synchronization is often reduced with increased stochasticity (Carroll and and in the presence of SP (Fig. 6 ). Although average burst onset times were not 359 significantly altered by SP for any neuronal type (p>0.05), SP did have effects on burst 360 onset stochasticity. This is demonstrated as greater dispersions in the Poincaré plots 361 shown in Fig. 6A . However, these SP-induced changes in burst onset variability (i.e. 362 "onset jitter") differed across neuronal types. Burst onset jitter of excitatory pre-I 363 neurons, which was generally high under baseline conditions (see Fig. 2F ), did not 364 change significantly in SP (p>0.05) (Fig.6B) . In contrast, excitatory neurons that did not 365 exhibit pre-I spiking and had relatively low onset jitter under baseline conditions 366 exhibited increased onset jitter in the presence of SP (p<0.05). Among this group of 367 excitatory neurons, burst onset jitter was increased by SP regardless of whether or not 368 the neuron was recruited to develop pre-inspiratory spiking. Inhibitory preBӧtC neurons, 369 on the other hand, had relatively inconsistent changes in burst onset variability induced 370 by SP, with no change in mean onset jitter (p>0.05). These results suggest that SP 371 increases the stochasticity of burst onset in a subgroup of preBӧtC excitatory neurons, 372 which may help prevent this excitatory neuromodulator from causing hyper-373 synchronization among preBӧtC neurons during inspiratory bursts. 374
Inspiratory neurons rostral to the preBӧtC have heterogeneous responses to SP. 375
Neurons with inspiratory activity are not confined to the preBӧtC but are rostral VRC (n=5 excitatory, n=7 inhibitory, n=4 unknown). The anatomical locations of 402 these neurons relative to the preBӧtC neurons described above are shown in Fig. 7A . 403
Overall, spiking activity patterns and responses to SP were less consistent among 404 rostral neurons than preBӧtC neurons. To convey this heterogeneity, spike rasters for 405 each rostral neuron over 20 consecutive inspiratory bursts are shown in Fig. 7B ,C,D. 406
Despite this variability, spiking frequency during bursts was reduced by SP in all (5/5) 407 rostral excitatory neurons (-55.6±13.5% change from 11.1±4.7 to 6.7±4.0Hz; p<0.05) 408 ( Fig. 8A,C) , whereas changes were inconsistent among inhibitory rostral neurons with 409 no change on average (39.5±34.7% change from 5.3±1.5 to 6.1±1.5Hz; p>0.05) ( Fig.  410 8B,C). Thus, the potential contribution of rostral excitatory neurons to synchronization of 411 the inspiratory rhythm was reduced by SP, while inhibitory influences were relatively 412 unchanged. Burst onset variability of both excitatory and inhibitory inspiratory neurons 413 rostral of the preBӧtC was generally high under baseline conditions, and it was further 414 increased by SP (p<0.05) (Fig. 8D,E) . 415
During the inter-burst interval, the spiking activity of rostral neurons was 416 considerably different from neurons in the preBӧtC. Unlike the pre-I spiking described 417 for excitatory neurons in the preBӧtC (see Figs. 3 and 4) , excitatory rostral neurons 418 were generally silent during the IBI under baseline conditions, and they remained silent 419 following application of SP (Fig. 7B) . In contrast, 4 out of 7 inhibitory rostral neurons 420 exhibited spiking during the IBI under baseline conditions, and in 3 of these neurons 421 spike frequency during the IBI was increased by SP. Among the 3 inhibitory rostral 422 neurons that were silent during the IBI under baseline conditions, 2 were recruited to 423 spike during the IBI in response to SP (Overall, 6 of 7 exhibited spiking during the IBI in 424 SP). The spiking of these neurons did not exhibit a pre-inspiratory ramp under baseline 425 conditions (Slope: 0.11±0.14Hz/second; p>0.05) or in the presence of SP (Slope: 426 0.08±0.15Hz/second; p>0.05). Thus, there was a trend toward increased tonic inhibition 427 during the IBI (1.5±0.6 to 3.5±1.2Hz; p>0.05) in the rostral inspiratory column in 428 response to SP (Fig. 8F) . 
Discussion: 431
The rhythm generating network that produces breathing movements must 432 constantly adjust to changing metabolic demands and also adapt to overlapping 433 volitional and reflexive behaviors (Feldman et al., 2013, Ramirez and Baertsch, 2018b) . 434
Unravelling mechanisms that support this dynamic control may improve our 435 understanding of disorders of the nervous system that destabilize breathing, such as 436 been linked to many of these and other respiratory control disorders Ramirez, 441 2008, Viemari et al., 2005) . Here, we introduce the concept that neuromodulation can 442 differentially control distinct phases of the rhythmogenic process to regulate the 443 frequency and stability of breathing ( Fig. 9) . would expect a prolongation of the refractory phase, which would limit rather than 475 promote a frequency increase. However, we found that SP does not affect the spiking 476 frequency of either excitatory or 477 inhibitory preBӧtC neurons during 478 the inspiratory phase ( Figs. 3,4,5) . 479
Thus, an interesting question is: How 480 is the balance of excitation and 481 inhibition maintained during the 482 inspiratory phase despite the effects 483 of SP on excitatory preBӧtC 484 neurons? We found that SP 485 increases burst onset jitter 486 specifically of excitatory neurons that 487 lack pre-I activity (Fig. 6 ). This 488 increase in timing variability 489 implies reduced synchronization 490 of this excitatory population during inspiratory bursts, which may be one mechanism 491 that prevents excitatory neurons from becoming hyperactive during the inspiratory 492 phase in response to SP. 493 Furthermore, recent evidence suggests that inspiratory neurons located rostral to 494 the preBӧtC also contribute to the dynamic regulation of breathing frequency (Baertsch 495 et al., 2019) . However, under normal conditions, inhibition restrains the rhythm 496 generating ability of these rostral neurons, as recruitment of these neurons is 497 associated with increased excitation during inspiratory bursts, a prolonged refractory 498 phase, and consequently a decreased respiratory frequency (Baertsch et al., 2019) . 499 
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Phases of the Inspiratory Rhythm Baseline
Here, we found that SP has relatively heterogeneous effects on the activity of rostral 500 inspiratory neurons; e.g. some increase, some decrease, and some do not change (Fig.  501   7) . However, changes are more consistent specifically among rostral excitatory 502 neurons, which exhibit decreased activity during inspiratory bursts (Fig. 8) . Thus, 503 reduced excitatory inputs from rostral neurons to the preBӧtC may be an additional 504 mechanism that maintains the balance of excitation and inhibition during the inspiratory 505 phase, despite SP-induced excitation. However, other mechanisms, such as depletion 506 of excitatory synaptic vesicles (Rubin et al., 2009) , may also contribute. The net effect of 507 these processes is that the balance of excitation and inhibition during the inspiratory 508 phase is maintained in SP. 509
The inspiratory phase is followed by a period of reduced excitability in the 510 preBötC network. This refractory period is thought to arise from a combination of 511 presynaptic depression (Kottick and Del Negro, 2015) and activation of slow 512 hyperpolarizing current(s) (Baertsch et al., 2018 , Krey et al., 2010 
in glutamatergic 513
Dbx1 neurons during inspiratory bursts. Indeed, refractoriness is maximal immediately 514 following the inspiratory burst followed by a gradual recovery of excitability ( Fig. 1) , 515 likely as vesicles are recycled and hyperpolarizing conductances are inactivated. This 516 refractory phase manifests experimentally as a period during which the probability of 517 evoking an ectopic inspiratory burst via optogenetic stimulation of Dbx1 neurons is 518 reduced (Fig. 1A) . However, the refractory period is not absolute as it can be overcome 519 if the stimulus is of sufficient strength (Vann et al., 2018) . Using a stimulus procedure 520 consistent with previous reports (Baertsch et al., 2018 , Baertsch et al., 2019 and Del Negro, 2015), we found that SP does not change the duration of the refractory 522 period. This finding is consistent with our demonstration that excitatory neurons do not 523
show an increased activation during the inspiratory phase (Figs. 3B,4B) . Importantly, 524 the minimum duration of spontaneous inter-burst intervals continues to be restrained by 525 the refractory period in SP (Fig. 1) . Thus, refractory mechanisms remain an important 526 determinant of breathing frequency in the presence of this neuromodulator. This may be 527 functionally important to prevent excitatory neuromodulators such as SP from driving 528 the respiratory network out of its physiological frequency range. Indeed, neuronal 529 networks must not only be capable of dynamically regulating their frequency, but they 530 must also be able to maintain stability in spite of heterogeneous, intrinsically variable 531 cellular components that receive converging inputs from numerous excitatory 532 neuromodulators (Marder et al., 2014) . 533
As the inspiratory network transitions out of the refractory phase, recurrent 534 synaptic excitation, particularly involving Dbx1 neurons (Wang et al., 2014) , is thought 535 to constitute a key rhythmogenic mechanism within the preBӧtC (Del Negro et al., 536 2018 ). This process, sometimes referred to as the "group pacemaker" hypothesis (Del 537 Negro and Hayes, 2008) , involves the stochastic percolation of excitatory synaptic 538 interactions that gradually builds-up excitability within the network between inspiratory 539 bursts. A pre-inspiratory "ramp" in spiking activity is observed in some preBӧtC neurons 540 as a result. We found that the magnitude and slope of this pre-inspiratory ramp, as well 541 as the number of excitatory neurons that have pre-inspiratory activity, is increased by 542 SP. These recruited excitatory neurons also exhibit a ramping of spiking activity during 543 the IBI, suggesting that they participate in this potential rhythm generating network-544 based mechanism. Together, these effects likely increase the rate of recurrent 545 excitation during this percolation phase ( Fig. 9) , which underlies the increase in 546 breathing frequency induced by SP. Moreover, we found that, on a cycle-to-cycle basis, 547 the slope of pre-inspiratory ramp activity is inversely related to the inter-burst interval. 548
Thus, variations in the stochastic percolation of excitation during this phase seem to 549 predict variability in the duration between inspiratory bursts. Our data suggest that, by 550 increasing the rate of recurrent excitation, this process becomes more consistent and 551 breathing irregularity is reduced. We conclude that the dual effects of SP on breathing 552 frequency and stability are primarily a consequence of its effects on the percolation 553 phase of the inspiratory rhythm. 554
Based on our collective results, we propose a conceptual framework for 555 inspiratory rhythm generation in which three distinct phases, the inspiratory phase, 556 refractory phase, and percolation phase, can be differentially modulated to influence 557 breathing dynamics and stability (Fig. 9 ). This concept may provide a foundation for was leveled with the ventral edge of the brainstem and a single ~850µm step was taken to 590 create the horizontal slice. 591
Slices were placed in a custom recording chamber containing circulating aCSF 592 (~15ml/min) warmed to 30°C. The [K+] in the aCSF was then gradually raised from 3mM to 593 8mM over ~10min to boost neuronal excitability. Rhythmic extracellular neuronal population 594 activity was recorded by positioning polished glass pipettes (<1MΩ tip resistance) filled with 595 aCSF on the surface of the slice. Signals were amplified 10,000X, filtered (low pass, 300Hz; 596 high pass, 5kHz), rectified, integrated, and digitized (Digidata 1550A, Axon Instruments). The 597 activity of single neurons was recorded using the blind patch clamp approach. Recording 598 electrodes were pulled from borosilicate glass (4-8MΩ tip resistance) using a P-97 599
Flaming/Brown micropipette puller (Sutter Instrument Co., Novato, CA) and filled with 600 intracellular patch electrode solution containing (in mM): 140 potassium gluconate, 1 CaCl2, 10 601 EGTA, 2 MgCl2, 4 Na2ATP, and 10 Hepes (pH 7.2). To map the location of recorded neurons, 602 patch pipettes were backfilled with intracellular patch solution containing 2mg/ml Alexa 603 classified as excitatory or inhibitory using an optogenetic approach. In Vgat Cre ;Rosa26 ChR2-EYFP 618 slices, neurons that depolarized during photostimulation were classified as inhibitory, while 619 those that hyperpolarized or did not respond were presumed to be excitatory. Because a 620 depolarizing response to stimulation of excitatory neurons could be driven synaptically instead 621 of from channelrhodopsin2 expression directly, in Vglut2 Cre ;Rosa26 ChR2-EYFP and 622 Dbx1 CreERT2 ;Rosa26 ChR2-EYFP slices, neurons were classified as excitatory or inhibitory based 623 on the presence or absence of a depolarizing response to light, respectively, following 624 pharmacological blockade of excitatory AMPAR-and NMDAR-dependent synaptic 625 transmission (20µM CNQX, 20µM CPP). 626
Substance P was purchased from Tocris (Cat#: 1156), diluted in water to a 627 concentration of 5mM, and stored in stock aliquots at -20C. In all experiments, a ~10min 628 baseline period of stable inspiratory activity was recorded prior to bath application of substance 629 P to 0.5-1.0µM. Intracellular and extracellular population activity was then recorded for >10min 630 prior to washout into fresh aCSF. 631 
